(Received 30 July 2014; accepted 4 September 2014; published online 16 September 2014) In this work, we propose a rare-earth-based ceramic thermal emitter design that can boost thermophotovoltaic (TPV) efficiencies significantly without cold-side filters at a temperature of 1573 K (1300 C). The proposed emitter enhances a naturally occurring rare earth transition using quality-factor matching, with a quarter-wave stack as a highly reflective back mirror, while suppressing parasitic losses via exponential chirping of a multilayer reflector transmitting only at short wavelengths. This allows the emissivity to approach the blackbody limit for wavelengths overlapping with the absorption peak of the rare-earth material, while effectively reducing the losses associated with undesirable long-wavelength emission. We obtain TPV efficiencies of 34% using this layered design, which only requires modest index contrast, making it particularly amenable to fabrication via a wide variety of techniques, including sputtering, spin-coating, and plasma-enhanced chemical vapor deposition. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895932] Thermophotovoltaic (TPV) systems convert thermal energy directly into electricity. 1 Sufficiently, energetic thermal photons are converted into electricity by a photovoltaic (PV) cell. A typical TPV system consists of a hightemperature emitter, a filter, and a PV cell. 2 The heat source can be a gas burner, 3 concentrated solar power, 4 or a catalytic microcombustor. 5 Most of the losses in the TPV system are caused by sub-bandgap emitted photons, which cannot be absorbed by the PV cell to produce electron-hole pairs. 6 Consequently, spectral shaping to suppress sub-bandgap photon emission and enhance photon emission with energies larger than the bandgap of the PV cell is required. 2, 6 These two requirements can be achieved by using selective emitters and filters. 1 One possible approach to design such a selective emitter is the use of 1D, 2D, and 3D photonic crystals. [6] [7] [8] [9] Another approach is based on rare-earth emitters that naturally display selective emission at certain wavelengths, 2 which can be matched to available PV cell technologies.
An example of a selective thermal emitter based on rare-earth oxides was investigated in Bitnar's work. 2 Another example based on rare-earth ceramic selective emitters was investigated in Chubb's work, 10, 11 in which the Erbium-doped Aluminum Garnet (ErAG), was shown to have the largest extinction coefficient at 1.47 lm and 1.53 lm; hence, by Kirchoff's law of thermal radiation, 12 an optically thick ErAG film on a platinum substrate produced selective spectral emittance around 1.5 lm at a substrate temperature of 1635 K. However, the radiative efficiency alone was as low as 20% at a substrate temperature of 1635 K, 10 and a significant parasitic long-wavelength emission tail was present, despite the very low extinction coefficient of the ErAG in the range from 2 lm to 5 lm. This is mainly caused by the use of a thick ErAG film to achieve high emittance at shorter wavelengths, as well as Ohmic losses from the platinum substrate.
In this work, a much higher efficiency ErAG emitter structure is introduced, which both enhances emission for energies above the bandgap and suppresses emission below the bandgap. It is also top-surface emitting, so that emission is directed almost exclusively towards a single set of PV cells above. To achieve this performance, we use a hightemperature dielectric mirror 13 as a substrate and a partially transmissive dielectric mirror on top of the ErAG film. Following previous work, 7 the loss rate in the ErAG is matched to the loss rate of the partially transmissive dielectric mirror on top of the structure; this process is referred to as quality-factor matching (Q-matching), 14, 15 and yields near-blackbody emissivity. Furthermore, an exponentially chirped multi-layer dielectric filter can be placed on top of the film to suppress a significant part of the sub-bandgap emission, while transmitting above-bandgap photons. The proposed ErAG emitter is suitable for operation with GaSb PV cells. Assuming reasonable PV cell performance, the theoretical TPV efficiency is shown to reach 34%. Such a multi-layer structure can be fabricated using different deposition techniques. Comparable examples of fabricated silicon dioxide (SiO 2 )/titanium dioxide (TiO 2 ) multi-layers using reactive magnetron sputtering, [16] [17] [18] [19] sol-gel methods combined with spin-coating, [20] [21] [22] and Plasma-Enhanced Chemical Vapor Deposition (PECVD) 23 have been demonstrated in recent work.
In this paper, we will first explain the details of our methodology for calculating selective emitter spectra and the resulting TPV system efficiency. Second, we will discuss various approaches to improve the efficiency of the ErAG emitter, including the high efficiency ErAG emitter design proposed in this paper, with the results for the spectral emittance and TPV efficiency. Then a discussion of the significance of these results is provided, which ends with the key conclusions.
To simulate multi-layered structures for our selective emitters, we use the Stanford Stratified Structure Solver (S4), 24 a frequency domain code that solves Maxwell's equations in layered periodic structures using coupled wave a)
Author to whom correspondence should be addressed. Electronic mail: pbermel@purdue.edu. analysis and scattering matrix algorithm. 25 According to Kirchhoff's law of thermal radiation, for a body emitting and absorbing thermal radiation in thermodynamic equilibrium, the emissivity is equal to the absorptivity for every wavelength. 12 Hence, the key goal of the emitter design is to spectrally shape the absorption, according to the requirements of the target emittance design. Using S4, a normally incident plane wave is excited in the semi-infinite vacuum top layer of the structure, the reflectance (R) and transmittance (T) are computed; hence, the emittance is simply the absorption A ¼ 1ÀRÀT.
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Once the emittance spectrum is obtained, the efficiency of the TPV system can be estimated. The TPV efficiency is given by g ¼ J SC V OC FF=P emit , where J SC is the short circuit current density, V OC is the open-circuit voltage, FF is the fill factor, and P emit is the blackbody integrated emitted thermal power density. The current density in the PV cell is a contribution of two components: the photo-current density induced in the PV cell by the incident thermal photons and the dark current density that flows in the PV cell in the absence of incident radiation. Hence, the total current density is given by
where q is the electron charge, c is the speed of light in vacuum, k is the wavelength, eðkÞ is the spectral emittance of the emitter, EQEðkÞ is the external quantum efficiency of the device, h is Planck's constant, k is Boltzmann's constant, E g is the PV cell bandgap in eV,
2 is the thermodynamically required dark current density prefactor, 26 V is the voltage, T d is the device temperature, and m is the device ideality factor. From Eq. (1), J SC and V OC can be computed; hence, the fill factor is estimated from wellknown empirical relations. 27 All the TPV efficiency computations are implemented in a nanoHUB tool named TPV efficiency simulation. 28 The emittance results obtained from S4 are fed to the TPV efficiency simulation tool to calculate the TPV efficiency under different operating conditions. The PV diode is assumed to have bandgap energy of 0.75 eV, which resembles an arsenide-doped GaSb PV cell. The device ideality factor and the EQE of the PV cell values are taken from previous experimental work. 5 All the TPV efficiencies estimated here assume a matching rugate filter in the TPV system, unless otherwise is stated.
As shown in previous work, the metallic ErAG emitter has shown promise but limited overall spectral efficiency. As a first step, one would like to eliminate the Ohmic losses of the platinum substrate, by using the ErAG itself as a low-loss substrate. We first consider two different ErAG emitter designs based on this concept: an ErAG film with antireflection (AR) coatings on both sides of the film, and the high efficiency ErAG emitter using dielectric mirrors.
In order to eliminate the losses associated with the metallic substrate, it can be replaced by an AR coating on the bottom of the ErAG film, but this configuration allows both top and bottom emission. So, another AR coating can be applied on the top of the ErAG film, so that a symmetrically emitting configuration is obtained, allowing for the use of two sets of PV cells, on top and bottom sides of the emitter. The two AR coatings prevent multiple reflections at the ErAG film edges, allowing maximum absorption within the film at 1.47 lm.
The emittances at two different film thicknesses are shown in Fig. 1 . As expected, the thicker the film is, the larger the emission is all over the spectrum. Because of the increased parasitic emission of sub-bandgap photons, the TPV efficiency degrades as the film thickness increases from 125 lm to 250 lm, as shown in Table I .
The latter configuration lacks the asymmetric emission property, and still suffers high parasitic sub-bandgap losses, due to the thick ErAG film losses. Hence, to keep the asymmetric emission property while eliminating the metallic substrate absorption losses, the reflecting metal substrate used in Ref. 10 is replaced by a highly reflective quarter-wave stack dielectric mirror, with the lowest frequency band of fullreflection centered at 1.5 lm. Moreover, the concept of Q-matching 14, 15 can be used to enhance the emission above the bandgap. Following the same procedure in Ref. 7 , at normal incidence, absorption losses in the ceramic film can be matched to the transmissive losses through the top mirror at a resonant wavelength of 1.47 lm. Because the absorption loss rate is small at this wavelength, the resulting resonant mode will not be suitable for TPV conversion. 6 Hence, the ErAG film thickness should be increased to form a multimode Fabry-Perot resonant cavity with very narrow spaces between modes.
A further improvement to suppress the parasitic emission is to use an exponentially chirped filter on top of the structure, such that a wide band of long wavelength emission can be significantly eliminated. The chirped mirror will have a strong reflection band from 2 lm to 4 lm, so that the emissive blackbody power in this range at emitter temperature of 1573 K will be significantly minimized. This configuration has the advantage of having the filter integrated with the emitter, so that expensive filters, such as rugate filters, 29 can
Emittance spectrum of an ErAG emitter with AR coatings at different thicknesses. Although short-wavelength emission increases with thickness, so do parasitic losses at longer wavelengths, limiting overall spectral efficiencies.
be removed from the TPV system. The proposed ErAG emitter with chirped mirror is shown in Fig. 2 . The resulting emittance spectra for the loss-matched design without a chirped filter are shown in Fig. 3 , where two different film thicknesses are simulated, and the dielectric mirrors are assumed to be a quarter-wave stack with n H ¼ 2 and n L ¼ 1:414, where n H and n L are the refractive indices of the high-and low-index materials, respectively. Values of the corresponding TPV efficiencies are shown in Table I . It is notable that increasing the thickness degrades the efficiency because sub-bandgap losses increase while the Q-matching guarantees an almost 100% emittance around 1.47 lm as shown in Fig. 3 . However, this improves the TPV efficiency substantially to 24%, if compared to the corresponding efficiency in the AR coatings configuration.
If the partially transmissive mirror is replaced by an exponentially chirped period filter, a wide band of low frequencies beyond the bandgap will be reflected, as shown in Fig. 4 , and this in turn will lead to a pronounced increase in the TPV efficiency. As shown in Table I , the TPV efficiency can reach almost 34% if the chirped filter emitter is used with a cold-side rugate filter with shifted cut-off to minimize losses beyond 3.5 lm. The TPV efficiency also reaches 33% if the chirped filter emitter design is used without any external filters. To measure the selectivity of the emitter, the radiation spectral efficiency g rad is computed as in previous work. 10 It is obvious that the chirped filter increases the radiation efficiency, which translates into an improved TPV efficiency, as shown in Table I .
The high-efficiency ErAG emitter is a simple multilayer structure that can be fabricated without the need for sub-micron lithography fabrication techniques used for many optical 2D and 3D photonic crystal emitters. This design can be fabricated by depositing the dielectric quarter-wave layers TABLE I. TPV efficiency for different ErAG emitter designs. Although all designs display overall efficiencies higher than seen for metal substrates, the best overall performance comes from the chirped filter þ shifted rugate filter at 33.89%. system. An additional strategy that can be useful is to alternate tensile and compressive stresses in each layer of the structure, to achieve zero residual stress for the overall multilayer stack. 30 For practical TPV systems, other heat losses should be considered, such as losses due to heat conduction and convection. 1 Hence, the emitted power should be sufficiently high to minimize the impact of those losses. For this purpose, the average emissivity ( e), 5 which gives the ratio of the emitted power to the total blackbody power at the emitter temperature, of each of the previous designs is computed. The average emissivity, as listed in Table I , decreases in the presence of the chirped filter, because a portion of the input power is reflected by the chirped mirror back to the source. However, this loss is compensated by the high TPV efficiency.
ErAG emitter
In this work, rare-earth doped ceramic thermal emitters were renovated to substantially enhance the TPV system efficiency. The proposed thermal emitter was shown to have theoretical TPV efficiency as high as 33% in absence of external filters. Its integrated filtering property can be achieved using a chirped dielectric mirror, which is easy to fabricate. Replacing the metallic substrate in previous designs by a dielectric mirror guarantees asymmetric radiation without any metallic losses. This thermal emitter can be optimized to provide enhanced selective radiation and low parasitic losses that can be matched to available GaSb PV cell technology, or other materials like germanium with similar bandgaps. Furthermore, the design idea can be generalized to a broad range of emitter materials demonstrating highly selective absorption, given an appropriate PV diode material.
